Novel thermoelectric materials developed for operation at room temperature must have similar or better performance along with being as ecofriendly as those commercially used, e.g., Bi 2 Te 3 , in terms of their toxicity and cost. In this work, we present an in-depth study of the thermoelectric properties of epitaxial Nb-doped strontium titanate (SrTi 1Àx Nb x O 3 ) thin films as a function of (i) doping concentration, (ii) film thickness and (iii) substrate type. The excellent crystal quality was confirmed by high resolution transmission electron microscopy and X-ray diffraction analysis. The thermoelectric properties were measured by the three-omega method (thermal conductivity) and van der Pauw method (electrical resistivity), complemented by Seebeck coefficient measurements. A maximum power factor of 8.9 Â 10 À3 W m À1 K À2 and a thermoelectric figure of merit of 0.49 were measured at room temperature in 50 nm-thick films grown on lanthanum strontium aluminate. The mechanisms behind this high figure of merit are discussed in terms of a possible two-dimensional electron gas, increase of the effective mass of the electrons, electron filtering and change in strain due to different substrates. The overall enhancement of the thermoelectric properties suggests that SrTi 1Àx Nb x O 3 is a very promising n-type candidate for room-to high-temperature applications.
Introduction
Alkaline earth metal titanates ATiO 3 (A ¼ Ba, Sr, or Ca) with a perovskite structure are materials of fundamental and technological importance due to a broad range of industrial applications [1] [2] [3] [4] and more recently because of their thermoelectric potential. [5] [6] [7] [8] Although the stoichiometric A 2+ Ti 4+ O 3 is a band insulator with an energy gap of $2-3.3 eV, 9 tuning the chemical composition allows for the injection of carriers (electrons) into the conduction band, composed mainly of Ti 3d t 2 g orbitals. Doping with aliovalent cation substituents has been extensively examined, for example, using trivalent cations (e.g., La 3+ ) at the A site 10, 11 or pentavalent cations (e.g., Nb 5+ and Sb 5+ ) at the Ti site. 12, 13 Oxygen decient perovskite ATiO 3Àd has also been investigated. 14, 15 Strontium titanate (SrTiO 3 , STO) thin lms and superlattices have been studied for various applications using lanthanum strontium aluminate ((LaAlO 3 ) 0.3 -(Sr 2 AlTaO 6 ) 0.7 , LSAT) as a substrate. 16, 17 Room-temperature ferroelectricity has been demonstrated by growing STO with in-plane tensile strain on DyScO 3 (DSO). 18 In this respect, STO is also becoming a material of choice among oxide thermoelectrics, as the carrier concentration and Seebeck coefficients become increasingly promising. 17, 19, 20 In a thermoelectric material, three important parameters have to be considered, namely the Seebeck coefficient (S), electrical conductivity (s) and thermal conductivity (k). From these parameters, the dimensionless gure of merit ZT ¼ S 2 sT/k can be dened, where T is the mean working temperature. For industrial applications and competitive energy conversion ZT $ 1 is considered to be a desirable benchmark. 21, 22 Figures of ZT > 1 have already been reported for p-type oxides; 23,24 however, for n-type oxides, ZT barely exceeds 0.5, 25 and this value has only been measured in ZnO ceramics at very high temperatures (T > 1000 K). 26 For STO-based materials, the highest experimental ZT reported to date is 0.46 at T ¼ 1000 K, which was measured in a Pr (5%):Nb (20%)-doped STO superlattice. 27 Theoretical predictions also estimate values as high as 0.7 in La doped SrTiO 3 . 28 In this context, more investigation is needed to engineer thermoelectric properties in n-type oxides for higher ZT. 29, 30 In this work we report on the enhancement of the thermoelectric properties of STO thin lms with low Nb-doping content. An in-depth study of the thermoelectric properties of these lms was carried out considering the (i) doping concentration, (ii) lm thickness and (iii) type of substrate. Based on these three parameters, this work has been divided into three sections as follows:
(i) Doping analysis: the rst step consisted of investigating the impact of doping content on the thermoelectric properties. Fixing the type of substrate (lanthanum aluminate, LAO) and the lm thickness (50 nm), the Nb-content was varied from 2 to 5 and 15% mol. Once the optimum Nb-content with the highest thermopower value was found (2% mol), we proceeded with the thickness study.
(ii) Thickness analysis: the second step consisted of xing the substrate and doping concentration and varying the lm thickness. Seven lms with thicknesses of 30, 50, 66, 99, 160, 165 and 200 nm were grown on an LAO substrate. Finally, with the optimum doping concentration (2% mol) and lm thickness (50 nm), the study of the impact of the type of substrate on the thermoelectric properties was carried out.
(iii) Substrate analysis: in this last step, four different substrates were used, namely, LSAT, DSO, LAO and LaSrAlO 4 (LSAO). Together with the thermoelectric properties, the crystallographic features of the grown lms were discussed and compared. Our ndings show that stress plays an important role in the measured thermoelectric properties. We observed that the lms with low stress presented the largest thermoelectric gure of merit. It is important to note that despite being structurally compatible with strontium titanate, LSAT, DSO and LSAO substrates have so far not been well studied. In fact, surprisingly little is known about the thermoelectric properties of STO thin lms on these substrates and the interface between them, despite their potentially important role in determining the overall electronic structure of the system.
The combination of these steps allows us to nd the optimum conguration of Nb-content, lm thickness and substrate type with the largest thermoelectric gure of merit.
(i) Doping analysis: impact of the doping concentration on the power factor for a 50 nm NB:STO film on an LAO substrate
In this section, we study the impact of the doping concentration on the thermoelectric properties of Nb-doped STO thin lms. Fixing the type of substrate and the lm thickness (50 nm), we grew three lms with different amounts of Nb (2%, 5% and 15% mol). The lms were characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD). The temperature dependence of the Seebeck coefficient of the Nb:STO lms is shown in Fig. 2a . The Seebeck coefficient is found to decrease with increasing doping content. 33 This is expected as S f (n) À2/3 , where n is the carrier concentration, 5 and these results are consistent with those reported in the literature. 34 It is worth mentioning that the conductive state in the 2% Nb-doped lm is barely metallic, i.e., it has a low Fermi energy. The Seebeck coefficient is expected to rise due to a large entropy term arising from the six-fold degeneracy of the Ti 3d t 2 g conduction bands, since in these thin lms the bottom of the conduction band is predominantly formed by Ti 3d orbitals. 35 As the 2%-doped lm showed the highest power factor (S 2 s) (see Fig. 2b ), the selected doping for the rest of this work was chosen to be 2 mol%. Fig. 1b and c display images of a 2 mol% Nb:STO thin lm from scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM), respectively. The SEM image of the Nb:STO thin lm shows the homogeneity of the lm on the substrate. The HRTEM image again conrms the epitaxial growth of Nb:STO on the LAO substrate in the 001 direction. Due to the growth steps followed, electron microscopy suggests that the sharp interfaces and homogeneous lms may reduce interface scattering of electrons, enhance carrier mobility, and hence increase the electrical conductivity 31,32 as we will discuss later.
(ii) Thickness analysis: study of thermoelectric properties vs. film thickness on the LAO substrate
In this section, we study the role of the lm thickness in determining the thermoelectric properties of the lms. Fixing the type of substrate (LAO) and the doping concentration with the largest thermopower (2% mol), we grew seven lms with thickness varying from 30 to 200 nm. Fig. 3a and b show the dependence of the Seebeck coefficient and carrier concentration on the lm thickness. By plotting these with respect to each other, i.e. S vs. n, for each lm thickness we can observe a strong deviation from the Pisarenko plot ( Fig. 3c ). This can be associated with the presence of a two-dimensional electron gas (2DEG) as has been demonstrated by Ohta et al. 36 and/or a thickness dependence of the effective mass. The dependence of the Seebeck coefficient on the carrier concentration is described by the Pisarenko formula as
where k B is the Boltzmann constant, e is the electronic charge, n is the carrier concentration and m* is the effective mass. From eqn (1), it can be deduced that an increase in n will decrease S while a higher m* will enhance it. In our case, the apparent increase in Seebeck coefficient for thicknesses > 150 nm seems to imply an increase in m*. The enhancement of m* could be related to the stress in the lms. 37 As displayed in Fig. S3b in the ESI, † as the thickness increases, the lattice parameters tend to relax, approaching bulk values for thicknesses close to 200 nm. Alternatively, the increase of Seebeck coefficient as a function of thickness can be attributed to electron ltering, i.e., high energy electrons can pass through the barrier while others are scattered, thus decoupling the S from n. 31, [38] [39] [40] Enhanced power factor values in the range of 0.75-3.40 Â 10 À3 W m À1 K À2 were obtained with the measured Seebeck coefficient and electrical conductivity (Fig. 3d) . These values are higher than those previously reported in the literature for Nbsubstituted bulk STO (0.1 to 1 Â 10 À3 W m À1 K À2 ). 41 The temperature dependence of the Seebeck coefficient and the power factor for the different thicknesses can be found in the ESI. † (iii) Substrate analysis: thermoelectric properties as a function of different substrates Once we have narrowed down the optimum lm thickness and Nb content showing the highest power factor, we focused on the impact of the substrate and the strain produced by it on the thermoelectric properties of the lms. Fixing the lm thickness (50 nm) and the Nb-doping concentration (2% mol), epitaxial thin lms were grown on LSAT, SLAO and DSO. Here, we focus on the impact of the strain and the interface termination on the lm properties. The epitaxial strain is induced in the lm due to lattice mismatch with the substrate (see Table 1 ). The choice of different substrates serves as an important parameter to control the strain in the lms. It has been shown that a change in strain can be responsible for the enhancement of the physical properties including the electronic structure, electrical conductivity and ionic diffusion. [42] [43] [44] [45] [46] The thermoelectric properties were measured for various substrates as shown in Fig. 4 , as Nb:STO lms on these substrates are signicantly less studied than on LAO. The absolute Seebeck coefficient and power factor on these substrates were estimated to be in the range of 153-321 mV K À1 and 0.3-8.9 Â 10 À3 W m À1 K À2 , respectively. As can be seen in Fig. 4 , LSAT proved to be the best substrate for the epitaxial growth of Nb:STO thin lm. LSAT gave the highest Seebeck coefficient (À320 mV K À1 ) and power factor (8.9 Â 10 À3 W m À1 K À2 ). This can be attributed rstly to the reconstruction of the SrO terminated surfaces of these lms on the LSAT or LAO substrate due to stress. 47 It is very important for the surface and the interface of the lm and the substrate to be smooth for better mobility and electrical properties of the system. In many of these systems, the high Seebeck coefficient can also be attributed to a 2DEG, though whether any free electrons might diffuse into the LSAT substrate is currently unknown. In the literature, the opposite scenario has been investigated, i.e.,
LSAT lms grown on STO, and has also yielded evidence of 2DEG formation at the interface, attributed to the polar discontinuity between the mixed polarity of LSAT and non-polar STO. 48 Huang et al. 47 postulated a mixture of localized holes and a 2DEG within the STO substrate as a result of the mixed polarity of LSAT, which is claimed to have regions of LaAlO 3and Sr 2 AlTaO 6 -like character. Fig. 5a shows the XRD pattern of a 55 nm-thick lm grown on an LSAT substrate showing all (00i) planes of the STO structure. In addition, the crystal and epitaxial quality can also be observed in the sharp rocking curve of the (002) peak of the sample grown on LSAT compared to LAO (see Fig. 5b ). The rocking curves reveal the broadening of a given diffraction peak. Then, defects such as mosaicity, atomic intermixing, and dislocations, among others lead to the spreading of crystal planes and thus a broadening of the linewidth. 49 The sharp rocking curve of the (002) peak observed in Nb:STO/LSAT can be mainly attributed to the extremely good epitaxial quality of the lm as can be seen in the reciprocal space map (see Fig. 5c ) and in the HRTEM image (see Fig. 5d ).
The thermopower of samples on a DSO substrate also shows very promising values compared to that on the SLAO substrate. This may be due to its smaller mismatch between the lattice parameters, which is compensated for by the elastic strain of the layer and its elasticity-mediated interaction with the upper face of the substrate. 50, 51 Finally, we estimated the thermoelectric gure of merit using the thermal conductivity measured by the 3u-method 52,53 in the differential conguration. 54, 55 In this method, the temperature rise of two similar thin lm samples of different thicknesses is compared. The thinnest sample acts as a reference while the thickest one will be the lm under study. In our case, two Nb:STO thin lms with thicknesses of 10 nm and 60 nm were grown on MgO substrates. MgO substrates were chosen because, at room temperature, MgO has a thermal conductivity value of k ¼ 50 W m À1 K À1 , while the other substrates have k of the order of 4-12 W m À1 K À1 . 56 Therefore, the use of MgO as a substrate avoids the two-dimensional spreading of the heat supplied by the 3u-heater into the thin lm, and the k of the lms can be obtained using the difference of the temperature rise (see Fig. S4b in the ESI †). An extended and detailed explanation of this methodology can be found in the ESI of ref. 57 . Table 1 summarizes the measured power factor and the thermoelectric gure of merit estimated from the experimental thermal conductivity of a 50 nm-thick Nb:STO lm: k ¼ 5.44 AE Table 1 The lattice parameters and lattice mismatch between 2% Nb-doped SrTiO 3 and the different substrates. The power factor and thermoelectric figure of merit of 50 nm-thick Nb:STO films measured at room temperature
Substrate
Lattice parameter, a s (Å) Lattice mismatch a 3 ¼ (a sa 0 )/a 0 Â 100 Power factor (10 À3 W m À1 K À2 ) ZT 1.0 W K À1 m À1 . By assuming that the thermal conductivity does not change very much with respect to the different substrates, the highest thermoelectric gure of merit was estimated to be ZT ¼ 0.49 for samples grown on LSAT substrates at room temperature.
Summary
In summary, a series of epitaxial and monocrystalline Nb-doped SrTiO 3 thin lms were grown by PLD on different substrates. From our set of samples (2, 5, and 15% mol Nb:STO), we observed that a doping level of 2% of Nb yielded the maximum power factor for a 50 nm-thick epitaxial lm grown on an LaAlO 3 substrate. By keeping this doping concentration xed and varying the lm thickness, we found an optimum lm thickness of 50 nm on the same substrate with a maximum power factor at room temperature of PF ¼ 3.40 Â 10 À3 W m À1 K À2 . Aer narrowing the doping concentration and the lm thickness, we studied the impact of the substrate on the thermoelectric properties. We found that samples grown on lanthanum strontium aluminate ((LaAlO 3 ) 0.3 -(Sr 2 AlTaO 6 ) 0.7 or LSAT) provided the highest power factor of PF ¼ 8.91 Â 10 À3 W m À1 K À2 . Finally, the thermoelectric gure of merit was estimated using the experimental thermal conductivity of Nb:STO lms grown on MgO and the measured power factor for each thin lm. Outstanding ZT was achieved for lms grown on LSAT and LAO substrates with values as high as ZT ¼ 0.49 and 0.18 at room temperature. LSAT was found to be the most convenient substrate with a very high power factor, yielding improved ZT values at room temperature.
Methodology
The thin lms were deposited using an STO target with different amounts of Nb (2, 5 and 15 mol%). All targets were characterized by using XRD as shown in Fig. S3 in the ESI. † The powder XRD patterns are comparable to that of pure STO (JCPDS card no. 73-0661). An extended description of the target preparation can be found in the ESI. † The deposition rate was xed at 1 pulse per s with systematic toggling and rotation at 15 rpm at high temperature (T ¼ 1200 K) and low pressure (p ¼ 10 À2 to 10 À3 mTorr).
The lm thicknesses were measured by X-ray reectivity (XRR), up to 100 nm. Thicker samples were measured by ellipsometry (Semilab GES5E) with a rotating analyzer over angles of incidence from 55 to 75 in steps of 5 from 1.22 to 5.53 eV. The in-plane and out-of-plane lattice parameters were obtained from reciprocal space maps of the (À103) reection obtained from X-ray diffraction (XRD). The XRD spectra were measured using a Malvern-Panalytical X'pert Pro MRD (multipurpose X-ray diffractometer) tuned to Cu K-alpha radiation of wavelength 1.54598Å. The atomic composition was determined by X-ray photoelectron spectroscopy (XPS) at a base pressure of 1 Â 10 À10 mbar using monochromatic Al K a radiation (1486.74 eV) as an excitation source. The surfaces of the lms were characterized using atomic force microscopy (AFM) and the surface roughness was found to be <1 nm. The AFM images can be found in the ESI. † Hall measurements were made in 5 Â 5 mm 2 square-shaped samples in the van der Pauw geometry with ohmic contacts of Cr/Au (5 nm/200 nm) deposited by electron beam evaporation. The Seebeck coefficient was measured in samples of 10 Â 5 mm 2 using a Linseis LSR setup, ensuring that, for each temperature gradient, sufficient time elapsed to stabilize the temperature and voltage differences. Finally, the thermal conductivity of the 50 nm-thick Nb-doped SrTiO 3 thin lm was estimated using the three-omega (3u) method 52,53 in the differential conguration. 54, 55 
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